Abstract Albedo is one of the import parameters for the routine applications of various remote sensing models, and most methods for estimating albedo are only applicable in plain areas with relatively flat topography. Due to the existence of the undulant terrain in mountain areas, the incoming radiance can be decomposed into beam, diffuse, and terrain radiance, which are affected by atmospheric transmittance, solar zenith and azimuth angles, terrain slope and aspect, etc. The existence of partial shadow in low-resolution pixel makes the calculation of albedo more complicated in the mountain areas. This paper presents a rapid and operational method for estimating albedo on complex terrain using high-resolution Digital Elevation Model (DEM) and MODerate-resolution Imaging Spectroradiometer (MODIS) data with sensor view angles less than 20°. Shadow coverage ratio of the low-resolution map was retrieved from high-resolution shadow map, and was used for the correction of beam radiance. The parameters used for the atmospheric correction of narrowband beam radiance and weighting coefficients for the calculation of broadband albedo using MODIS with and without band 5 were developed based on the SMARTS2 simulation under different atmospheric conditions. Taken the Taihang Mountain in the North China as the study area, the calculated reflectance and albedo were compared with the MODIS reflectance and albedo products. The maximum deviations between estimated and blue-sky albedos were -0.0155 and ?0.0151 in plain areas, and -0.00667 and 0.01747 in the mountain areas, respectively. Good agreements indicate that the procedure presented in this paper is applicable for the albedo calculation in the mountain areas using MODIS images and high-resolution DEM.
Introduction
Land surface albedo, defined as the ratio of upwelling radiant energy to the downwelling irradiance incident upon a surface, is a critical parameter for the surface energy budget and required for climatic and biogeochemical models (Stroeve et al. 2005; Liang 2001 ). Nowadays, land surface albedo can be globally mapped only by remote sensing. A number of space-borne multispectral sensors have been used to monitor the earth. Land surface broadband albedo over the entire shortwave spectrum can be calculated from top-of-atmosphere (TOA) reflectance observations. In this process, radiation transfer models (RTMs), such as MODTRAN, 6S, and SMARTS2, play important roles in eliminating the atmosphere effects (Staenz et al. 2002; Berk et al. 1999; Vermote and Vermeulen 1999) . However, due to the extensive data requirements of these RTMs, extra requirements for model operators' theoretical background and training, applications of these RTMs are very limited. Some simple and empirical atmospheric correction methods have been developed and used in the routine calculation of albedo (Liang 2001 (Liang , 2003 Tasumi et al. 2008) .
In the research and applications which involve the surface energy budget, daily albedo is more useful and necessary. For example, in the management of water resources, evapotranspiration (ET) over a long period of time was usually calculated by the method of interpolation using several discrete daily ET (Allen et al. 2007; Li et al. 2008) . Daily albedo is used as input for the estimation of the daily ET. With high spatial resolution and long-term historical images, Landsat data have been widely utilized for ET calculation and can provide detailed water consume information (Allen et al. 2007; Li et al. 2008; Bastiaanssen et al. 1998a, b) . However, temporal resolution of 16-day makes it difficult to provide enough cloud-free images sometimes (Kalma et al. 2008) .
With the launches of Terra and Aqua satellites, there are two parts of Moderate Resolution Imaging Spectroradiometer (MODIS) which is orbiting the earth. MODIS possesses 36 spectral bands and provides a global data setevery 1-2 days with a 16-day repeat cycle (Chen and Zhao 2014) . Although the spatial resolutions are 250, 500, and 1000 m, high temporal resolution enhances the opportunities of cloud-free images. MODIS images have been increasingly used in the long-term ET calculation and other applications. Albedo products for MODIS images have been distributed through NASA/USGS (the National Aeronautics and Space Administration/the U.S. Geological Survey). These products are only available every 8 days and at 500-m resolution (Schaaf et al. 2002) . In addition, the existence of stripe noise in band 5 (1.230-1.250 lm) affects the calculation of albedo (Tasumi et al. 2008) . Therefore, rapid daily albedo calculation method with atmospheric corrections and available MODIS bands (without band 5) is required. This paper is motivated by the demand for the daily albedo in the ET calculation in mountain areas using MODIS data. In mountain areas, solar radiance is a strong function of terrain slope, aspect, solar zenith, and azimuth angles, which makes it difficult to calculate albedo. Most of the rapid, operational albedo estimation methods are only applicable to plain areas with relatively flat topography (Liang 2001; Tasumi et al. 2008) . In this study, we simulated the effects of different atmospheric conditions on the narrowband radiative transfer using the SMARTS2 radiative transfer model. By means of this model, the procedures for atmospheric correction, surface incoming, and outgoing radiance estimation were developed. Incoming beam radiance was corrected by using the shadow effects on the surface radiance in complex terrain. With these results, at-surface broadband albedo of MODIS without band 5 was calculated. At last, two MODIS reflectance and albedo products, MOD09 and MCD43, were used for the validation and comparison. The results from this research will provide useful information for the development of remote sensing models in mountain areas.
The main issues in the mountain areas albedo calculation
For a flat area, surface albedo (a s ) in some ET models, such as the Surface Energy Balance Algorithm for Land (SEBAL) and the Simplified Surface Energy Balance Index (SEBI), was calculated by a simplified method as show in Eq. (1) (Bastiaanssen et al. 1998a; Farah and Bastiaanssen 2001) .
where R in,s and R out,s are at-surface incoming and reflected short-wave radiation (Wm
). a toa is at-satellite broadband albedo; a path_radiance is atmospheric (path) induced albedo, and s 2 bb is the two-way broadband atmospheric transmittance. Considering the limitations of this simple method and for more accuracy, Tasumi et al. (2008) provided a more reasonable procedure with the atmospheric correction for each band:
where q s,b and q t,b are reflectances for band b at surface and satellite, respectively; q a,b is atmospheric path reflectance for band b; s in,b and s out,b are effective narrowband transmittances for incoming solar radiation and shortwave radiation reflected from the surface in band b (Tasumi et al. 2008) . Broadband albedo at the surface is calculated by integrating bands' reflectance across the shortwave spectrum:
where w b is the weighting coefficient representing the fraction of at-surface solar radiation occurring within the spectral range represented by the band b and n is the number of bands.
The main difference between flat and mountain areas in the calculation of reflectance is the at-surface narrowband incoming radiance (R in,s,b ) . In mountain areas, R in,s,b can be decomposed into beam (R B,b ), diffuse (R D,b ), and terrain radiance (R terrain,b , reflected from adjacent terrain) components (Allen et al. 2010; Wang et al. 2014; Chen et al. 2013; Yu et al. 2014) for each band b.
Terrain radiance comes from neighboring pixels and is a unique component in the mountain areas.
For beam radiance, it is a function of slope (s) and aspect (c) as shown in Eq. (5).
where K B,b is incoming beam solar radiance transmittance for narrowband b; E sun,b is mean solar exoatmospheric irradiance over band
where d e-s is the relative distance between the earth and the sun in astronomical units; h slop is the solar incidence angle which is defined as the angle between the solar beam and the line perpendicular to the land surface. In the mountain areas, cos (h slop ) depends on the slope and aspect of each pixel (Morse et al. 2000) .
where r is declination of the earth; u is the latitude; x is the hour angle, where x = 0 at solar noon, x is negative in the morning and positive in the afternoon. Depending on the terrain slope, aspect, and hour angle, cos(h slop ) can be zero or negative values. This means that the sun can be out of the sight of the slope even during daylight period. In this situation, there is no beam radiance on the slope. However, this criterion is only valid for shadow map retrieved from high-resolution Digital Elevation Model (DEM). The spatial resolution of bands 3-7 of MODIS is 500 m. In the ET calculation or other applications, all the data should be at the same resolution (Allen et al. 2010 ). At such resolution, one pixel of the DEM covers 500 9 500 m 2 , the shadow area might occupy only a small part of the pixel while its cos(h slop ) is great than 0. Hence, the value of cos(h slop ) of this mixed pixel will not be suitable to serve as the judging criteria for the existence or inexistence of beam radiance in the whole pixel.
In order to show the effects of cos(h slop ) on the lowresolution DEM, part of Taihang Mountain was taken as an example for the demonstration in this study. The study area is located between 36°40 0 59 00 to 38°20 0 09 00 N and 113°13 0 56 00 to 114°45 0 07 00 E, in the west of Hebei Province, China (Fig. 1) . The elevation of this area ranges from 100 to 2126 m. DEM at 30-m resolution is provided by Surveying and Mapping Bureau of Hebei Province, China and its maximum error is less than 2.44 m. All the MODIS data used in this study were downloaded from NASA web site.
Using the tool of 'hillshade' in ArcGIS, we calculated the shadow area ratio (ratio of shadow area to the study area) of the whole study area at different times on November 5 using different resolution DEMs (30 and 500 m). Figure 2 shows the effects of different resolution DEMs on the judgment of shadow area. Shadow area ratio calculated using 30-m resolution DEM is higher than that calculated using 500-m resolution DEM at all time during the whole day. This is because the small shadow areas can be identified using high-resolution DEM. Using low-resolution DEM, small shadow area will be ignored if cos(h slop ) of the mixed pixel is greater than zero. The misjudgment of shadow areas using low-resolution DEM will cause the miscalculation of beam radiance. Value of cos(h slop ) should be refined for pixels in which partial areas are covered by shadow or shadows. Algorithm for mountain areas albedo calculation using MODIS data
Radiance on a slope surface includes beam, diffuse, and terrain radiance. For beam radiance as calculated by Eq. (5), we introduced a shadow coverage factor f s (the proportion of the shadow area in a pixel) to implement the correction in the case when part of the pixel is covered by shadow:
Parameter f s can be calculated by using the high-resolution DEM with the method of aggregation to generate a reduced-resolution version of shaded relief raster map, which will be shown later.
The diffusive band-specific energy on the slope surface was computed as (Allen et al. 2010 )
where K D,b is incoming diffusive solar radiance transmittance for narrowband b. Because the diffuse radiance is isotropic in the sky, cos(h horizontal ) is the cosine of the sun zenith angle on flat terrain and used instead of cos(h slop ). Parameter f i is a sky-view factor of the slope surface and ranges from 1 for s = 0 to 0.5 for s = p/2 (Allen et al. 2010) .
Terrain energy influx to the slope comes from the opposing terrain by reflection. For the accurate calculation of this component, informations of the location, slope, aspect, and reflectance of the opposing pixel should be given. However, it is very difficult to find the opposing pixel accurately in mountain areas. To simplify the calculation, the mean value of the reflected radiance of its 8 neighbors was used instead of that of the opposing pixel.
where L t,b is at-satellite spectral radiance in band
is atmospheric path reflectance of band b (Tasumi et al. 2008 ); (1 -f i ) is a terrain adjustment factor for terrain radiance influenced by the slope.
Finally, at-surface reflectance of the slope was calculated by dividing the reflected radiance at the surface by the incoming radiance R in,s,b .
By integrating narrowband reflectances across the shortwave spectrum, at-surface broadband albedo was calculated as shown in Eq. (3). Tasumi et al. (2008) have provided the weighting coefficients for the 7 bands of MODIS. Because of the stripe noise in band 5, only 6 bands of MODIS data can be used and the weighting coefficient of band 5 was covered by bands 2 and 6.
Parameter determinations
Shadow coverage factor (f s )
Using high-resolution DEM (e.g., 30 m or higher), it is easy to identify whether the whole pixel is in the shadow at a given time. This means that the pixels can be assumed to be pure pixels (either exposed to the sun or in the shadow entirely). But for low-resolution DEM (e.g., 500 m or lower), one pixel has such a large area that seldom can be treated as a pure pixel under the condition of complex terrain. It is very likely that only part of this pixel is in shadow.
Since the terrain undulation is relatively large, mountain areas are prone to be covered by shadows, especially in winter and spring. Using 30-m resolution DEM and 'hillshade' tool in ArcGIS, we made the Taihang Mountain shadow distribution map at twenty-two past ten (local time) on December 5 as shown in Fig. 3 (left) . From the map, we can see that there were so many different sizes of continuous shadow areas in the mountain. The area of the smallest shadow was equal to that of one pixel (900 m 2 ). In this situation, the continuous shadow having area less than 250,000 m 2 may have the possibility of being misidentified as the sunny area if the shadow distribution map was made using DEM with 500-m resolution.
To obtain the partial shadow information of each pixel at low resolution, we used the method of aggregation to get low-resolution shadow map from the high-resolution shadow map. First, a 25-m DEM map was obtained by interpolation of a 30-m DEM map. The 25-m resolution shadow map was made using the same input parameters (e.g., solar zenith and azimuth angles). It is worth noting that the 'model shadows' should be checked when running the tool of 'hillshade' in ArcGIS, which considers both local illumination angles and shadows. Second, using the tool of 'aggregate', setting the parameter 'cell factor' to 20 and 'aggregation technique' to 'MEAN,' we can get a 500-m resolution shadow map with values ranging from 0 to 1. As shown in Fig. 3 (right) , the shadow distribution pattern is very similar to that of the left. The larger the area of continuous shadows in the left, the larger the value of the ratio of shadow coverage in the right, and vice versa.
As we can see from Figs. 2 and 3, shadow map derived from low-resolution DEM according to the value of cos(h slop ) was far away from the true situation. When the surface energy balance of the mountain areas was calculated using this shadow map, errors would be introduced by the underestimation or overestimation of beam radiance because of the misidentification of shadows. Low-resolution shadow coverage factor (f s ) map was derived from high-resolution shadow map and could take the high-resolution shadow information into the calculation of surface energy, by which errors in the estimations of beam radiance, reflectance, and albedo could be minimized.
Solar radiance transmittance for narrowband b (K B,b and K D,b )
With reference to the methods proposed by Tasumi et al. (2008) , the constants K B,b and K D,b were calibrated using the SMARTS2 radiative transfer model developed by Gueymard (1995) . SMARTS1 and MODTRAN used the WRC85 extraterrestrial spectrum that had given problems (e.g., anomalous dips around 940, 1260 and 2300 nm) in the past. SMARTS2 used a modified spectrum and could provide spectral exoatmospheric and at-surface solar radiation over small band increment based on user-defined atmospheric and geometric conditions (Gueymard 1995) . The transmittance for incoming solar radiance in band b (s in ) was separated into the direct beam (K B,b ) and diffusive (K D,b ) components.
Theoretically, K B,b should increase with the increase of s in,b . To get the relationship between them, SMARTS2 model simulations were made for different combinations of atmospheric parameters as shown in Table 1 for a hypothetical surface having spectral reflectance of 0.2 (Tasumi et al. 2008) . These ranges could cover the atmospheric conditions that may occur in our study area. According to the MODIS band widths, s in,b and K D,b were calculated for each band using all the simulation results. By means of linear regression, the relationships between s in,b and K D,b were obtained and summarized in Table 2 . With Eq. (13) and Table 2 , K D,b could also be calculated for each band of MODIS.
Weighting coefficients for the calculation of broadband albedo (w b )
Parameter of w b represents the fraction of at surface solar radiation occurring within the spectral range represented by a specific band. For MODIS data, only the first 7 bands were used for the calculation of broadband albedo. The spectral regions of its bands were divided into 7 sections according to spectral range of each band (Liang 2001; Tasumi et al. 2008) . If the band 5 was eliminated because of its stripe noise, the weighting coefficients would be reassigned. The lower-and upper-wavelength bounds assigned to MODIS band 5 were 1.053 and 1.439 (lm), respectively. We redistributed this spectral region evenly to its adjacent bands. Spectral ranges of band 2 and 6 would be assigned to 0.756-1.246 and 1.246-1.879 (lm), respectively. Using the at-surface spectral data simulated by SMARTS2 under different atmospheric conditions, the weighting coefficients were determined and are shown in Table 3 .
Validations and discussion
In the same study area, at-surface reflectance and broadband albedo were calculated for 3 MODIS Terra images (19/03/2002, 16/09/2002 and 05/11/2002) in different seasons using the above methods, and all the MODIS images were checked to make sure that the sensor view angles of the study area were less than 20° (Tasumi et al. 2008) . Some parameters, e.g., s in,b and s out,b , which were not explicitly provided here were adopted from Tasumi et al. (2008) . MODIS at-surface reflectance products MOD09 and broadband albedo products MCD43 were taken as the reference for the comparisons with our results.
Solar radiance transmittance and weighting coefficients
To eliminate the errors caused by the mismatch of georegistration, 30 sampled pixels were selected from continuous and relatively homogeneous surface in the plain area as show in Fig. 1 . Reflectances of bands 1-4 and 6-7 were compared with those from MOD09 as show in Fig. 4 . Figure 4 shows that 180 points from the 30 sampled pixels fell relatively close to the 1:1 line for 3 days. These meant that the reflectances of different MODIS bands calculated using our method agreed closely with that of the MODIS reflectance products. In all of these data, the maximum deviations between calculated and MOD09 reflectance were -0.045 and ?0.034. These good agreements indicated that our determinations of these parameters for the atmospheric corrections of beam and diffuse radiance are acceptable in flat areas.
The weighting coefficients for bands 2 and 6 were increased to compensate the absence of band 5. For the validation of the weighting coefficients, broadband albedos were calculated using MOD09 reflectances (MOD09 albedo) and our weighting coefficients with and without band 5, respectively. Figure 5 shows the comparison of broadband albedo using different weighting coefficient series for 3 days. The 30 samples lay very close to the 1:1 line. Albedos calculated from 7 bands and 6 bands were nearly identical. The consistency of the two kinds of results showed that the redistribution of spectral region of band 5 was reasonable.
Using MODIS albedo product MCD43, blue-sky albedos of the 3 days were obtained from black-sky and whitesky albedo (Liu et al. 2009 ). Due to the data loss of the MCD43, only 2 days' data could be used for the intercomparison. The sampled broadband albedos calculated using MODIS data and weighting coefficients without band 5 were compared to blue-sky albedos from MCD43, as shown in Fig. 6 . All the sampled points were also located closely around the 1:1 line. The maximum deviations between estimated and blue-sky albedos were -0.0155 and ?0.0151, indicating a good agreement between the estimated and MCD43 albedo products in plain areas. All the comparisons as shown in Figs. 4 , 5, and 6 suggested the determinations of transmittance for narrowband (beam and diffuse radiance) and the weighting coefficient was accurate and applicable.
Albedo on complex terrain
Scale was a major factor that limited the validation of albedo products (Liu et al. 2009 ). Due to the terrain complexity in mountain areas, it was very hard to find a slope large enough and homogeneous for the calibration of remote sensing applications. In this paper, we verified the rationality of albedo results by analyzing the distribution characteristics of radiance under different topographies.
In the mountain areas, shadow is one of the major factors which affected the distribution of beam radiance. Because the weighting coefficient of band 2 was relatively large (as shown in Table 3 ), this band was selected as sample for the analysis. ratio. The increase of shadow ratio caused a linear decrease of the beam radiance. Because all the energy incidents to a sloped surface were concentrated into a horizontal surface by the cosine law, the change of beam radiance was caused by the difference in slope with the same shadow ratio. At the same time, slope changed the size of receiving surface for diffuse radiance. The mean value of diffuse radiance showed a linear relationship with slope (Fig. 7) . The changes of solar zenith and azimuth angles, slope, and aspect led to the redistribution of beam, diffuse, and terrain radiance. In most applications, beam radiance was estimated by Eq. (5) or the shaded areas were excluded (Gao et al. 2008) . In Eq. (7), parameter f s was introduced to correct the radiance error caused by partial shadow coverage. As shown in Fig. 7 , there was a parabolic distribution between the mean incoming radiance and aspect because the solar azimuth was close to the due south (180°). Under this situation, shadows were mainly distributed in the north-facing slopes. Therefore, incoming radiance estimated with shadow correction was lower at the two ends of parabolic distribution where the aspects were close to the north.
Shadow area is relative larger in spring and winter than that in other seasons for this study area. Calculated albedos, MOD09 albedos, and blue-sky albedos of March 19 and November 5 were selected for the comparison. Figure 8 shows the distribution of mean values of these three estimated albedos in different shadow coverage ratios. All the albedo data were very close to each other when the shadow coverage ratio was less than 10 %. The blue-sky albedos were relatively stable when the shadow coverage ratio changed. With the increase of shadow coverage ratio, MOD09 albedos decreased gradually and diverged increasingly from the other 2 kinds of albedos. The calculated albedos were very close to the blue-sky albedos and there were small differences between them when the shadow coverage ratio was high. The maximum deviations were -0.00667 and 0.01747. In flat areas, as shown in Fig. 4 , MOD09 reflectance was nearly equal to the calculated reflectance. All the MOD09 albedo and calculated albedo were calculated using the same weighting coefficients (without band 5), and the difference between them was the incoming radiance correction using shadow coverage factor (f s ) based on the approach outlined in this research. The maximum deviations between MOD09 albedo and blue-sky albedo were -0.045 and ?0.034. The relatively large deviations might be caused by the overestimation of incoming solar radiance. The introduction of parameter f s improved the calculation accuracies of reflectance and albedo estimation in the mountain areas.
In these processes, slope, aspect, h slop , sky-view factor, and shadow coverage factor were all derived from the DEM. These terrain factors determined the distribution of the solar radiance in the mountain areas. Errors in DEM would result in the deviations of these terrain factors. Consequently, errors would be carried to the surface radiance and accumulated in the albedo calculation. The key to improve the accuracy of the albedo calculation was the use of high quality of DEM. Figures 2, 3, and 7 show the sensitivity analysis of the terrain factors on the albedo. The decrease of the DEM spatial resolution made the shadow area undervalued in most cases, which would underestimate the albedo because the beam radiance was erroneously increased. If the slope and aspect were miscalculated by the errors in DEM, the distribution of the incoming radiance would be different, and the albedo would be deviated from the actual value. For the calculation of albedo using low-resolution remote sensing images, high-quality and high-resolution DEM was a very important factor for the high-precision estimation of incoming radiance.
Conclusions
With the data requirements of air-humidity and DEM only, Tasumi et al. (2008) presented a simplified method for the operational and routine applications to estimate incoming and outgoing atmospheric transmittance in flat areas with satellite images. Based on his method, a rapid daily albedo calculation procedure with atmospheric corrections using MODIS data was proposed for the applications of remote sensing in mountain areas. All the components of the incoming radiance in the sloped surface, beam, diffuse, and terrain radiance were calculated separately. Using highresolution DEM, a shadow coverage factor was introduced for the correction of beam radiance at low resolution. All the parameters for the estimation of solar radiance transmittance of each narrowband and weighting coefficients without band 5 for the calculation of broadband albedo were calibrated by the SMARTS2 model. The developed method was validated by the comparisons against the MODIS reflectance and albedo products (MOD09 and MCD43). Although it could not be tested by the observed data, the comparisons and analyses showed that the method provided good estimations of radiance, reflectance, and albedo. This procedure is applicable for the routine calculation of albedo in complex terrain using low-resolution satellite imagery and high-resolution DEM.
However, due to the limitations of the ranges of atmospheric conditions adopted in the SMARTS2 model simulations in this study, parameters provided by this study are not universally applicable. Lower ranges of atmospheric conditions can improve the accuracy of parameter estimation for local application but reduces the scope of application. In addition, as emphasized by Tasumi et al. 
